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ABSTRACT 

We show that it is possible to reahze an inflationary scenario even without 
conversion of the false vacuum energy to radiation. Such cosmological models 
have a deflationary stage in which Ha^ is decreasing and radiation produced by 
particle creation in an expanding Universe becomes dominant. The preceding 
inflationary stage ends since the inflaton potential becomes steep. False vacuum 
energy is finally (partly) converted to the inflaton kinetic energy , the potential 
energy rapidly decreases and the Universe comes to the deflationary stage with 
a scale factor a{t) oc t^/"^. Basic features and observational consequences of this 
scenario are indicated. 
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1. Introduction 



It has become almost an inflationary paradigm that after the end of the su- 
perluminal (exponential) expansion stage driven by false - vacuum energy there is 
conversion of this energy to radiation. There arc two standard ways to realize this 
conversion: by decay of the oscillations of the inflaton field near the minimum of 
its potential in the new or chaotic inflationary scenarios [1] or by collisions of the 
bubbles of new vacuum in the old or extended inflation [2] . However for the solu- 
tion of the famous problems such as horizon or flatness problems and others such a 
conversion is not a necessary condition. In fact what one needs is some production 
of radiation that will become dominant and flnally will drive the evolution of the 
Universe. In this paper we investigate basic features of this possibility in detail. 

We consider inflationary models in which an inflaton potential is almost flat in 
some region, say at </? < so as the Universe expands (quasi) exponentially while 
the inflaton is in this region and in the region the inflaton potential becomes 

steep enough so as inflation ceases. In distinct to the standard models we consider 
the case when the potential just rapidly falls for large values of </? and does not 
have a minimum of the potential. To understand how the Universe could become 
a radiation dominated one it is enough to recall that in an expanding Universe 
there is particle production. At the inflationary stage the energy density of the 
produced particles is inflated out but in the post - inflationary epoch the situation 
could be changed. If the potential falls rapidly enough the energy density e of the 
produced particles which are then thermalized can become dominated. Since for 
relativistic particles (and radiation) e oc the stage in which H^a^ is decreasing 
is necessary for the above phenomenon to occur. We call this stage a deflationary 
one . (On the contrary at the inflationary stage this quantity is rapidly increasing 
due to slow variation of if.) 

There is an essential difference between the deflationary realization of the infla- 
tionary scenario and the standard one. In the ordinary realization an inflationary 
stage only provides some (good) initial conditions for the following it standard 
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radiation dominated stage . The infiaton becomes "frozen" in the minimum of 
the potential and does not participate in the dynamics at the radiation dominated 
stage. In principle this circumstance restricts greatly the possibility of compari- 
son of different inflationary models from observations. This standard construction 
was greatly affected by the success of the nucleosynthesis theory and very severe 
restrictions which follow from this theory for the dynamics of the Universe during 
the nucleosynthesis epoch and for any 'nonstandard' contributions to the energy- 
momentum tensor at this time. So any alternative model in which an inflation ends 
in a different way should have some mechanism to pass through the nucleosynthesis 
test if one does not want a new fine tuning. 

On the contrary in the deflationary realization an infiaton "survives" and its 
dynamics may be still important at later stages of the evolution of the Universe,even 
at the present time. For example infiaton can give us dark matter. In this case we 
have a natural bias since perturbations of the scalar field decay when the wave- 
length becomes less than the size of the horizon. This results in a more homoge- 
neous distribution of mass in comparison with galaxy distribution (see [3]). There 
is also a natural mechanism that provides very small infiaton energy density during 
the nucleosynthesis time which still allows to have (relatively) large infiaton energy 
density now. The idea is rather simple. If the infiaton potential is steep enough at 
the deflationary stage then the dynamics of the Universe is driven by the infiaton 
kinetic energy term and the potential energy term is rapidly decaying. (We call 
such a stage a critical deflationary one). After the moment of time when radia- 
tion becomes dominant the kinetic energy term starts to fall rapidly, the potential 
energy term is very small since it was falling at the preceding critical deflationary 
stage but it becomes almost frozen (since time derivative of the infiaton is rapidly 
decaying). So there is a big "quasipure" radiation dominated epoch in this model 
at which the contribution of the scalar field into the energy-momentum tensor is 
negligible. The nucleosynthesis period is supposed to be inside this epoch. When 
the (falling) radiation energy density becomes of the order of (frozen) infiaton po- 
tential energy density the Universe comes to the "combined" stage at which the 
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contribution of the inflaton energy is com that of ordinary matter. 



2. Dynamics of the Universe with a deflationary stage 
A simple inflationary model is given by the system of equations 

(p + m(p + = 0, (2) 

where in some region ,say the logarithm of the potential is fiat: 

— M(log\^)' -C 1 and in the other region ip>ip^\\, is steep. Here M — Mpi/y/Sn. 
So while (f < (fit: the dynamics of the scalar field is slow and the Universe expands 
quasi-exponentially: a{t) oc exp ( J Hdt) (in the simplest model). In eq.(2) one 
takes into account only the second and the third terms disregarding the first one. 
When the scalar field reaches the region of the steep potential its dynamics becomes 
rapid with respect to the Universe expansion. In eq.(2) the first and the third 
terms become the most important ones,the second term being a small friction. In 
an ordinary inflationary scenario the potential V{lp) has a minimum and the scalar 
field rapidly rolls down to the bottom of the potential and starts to oscillate near 
the minimum of the potential. These oscillations generate ordinary matter. 

In this paper we consider another possibility of the transition to the radiation 
dominated stage and consider an inflaton potential that does not have a minimum 
and just falls at large ip. Matter is generated by particle production at the defla- 
tionary stage. In the standard scenario the potential energy of the scalar field is 
transformed into the energy of oscillations, some part of the energy being lost due 
to friction. The transition from the region of the fiat logarithm of the potential 
to the region of the steep logarithm of the potential is sharp in the sense that 
the transition proceeds in a (small) region A(p ~ M. In our case there could be 
two possibilities of this transition : a sharp transition and a smooth one with the 



4 



transitional region A99 3> M. A simple example of the potential with a sharp 
transition is 

exp(-Aiv?/M) 
^ l + exp(A2^/M)' 

where Ai ^ 1 and A2 is large enough. A general form of the potential with a 
smooth transition is 

l-M = Vbexp(-A(^)|:), (4) 
where A(</7) is a slowly varying function of (/?, satisfying the condition* 

MX' < 1. (5) 

A simple example of this type of potential is just a gaussian potential 

V{^) = Voexp (-^) with f/M^ > 1. 

1) Sharp transition. First we consider the case that is closer to the standard 
one: sharp transition to the region of the steep potential. In this case potential 
energy is converted to the kinetic energy of the infiaton: 

<P^^V{<p,), (6) 

and the Universe becomes driven by the kinetic energy term. This kinetic energy 
term is decaying due to friction. Assuming that the potential energy does not 
affect the infiaton dynamics we obtain from eq. (2) 

^^5. (T) 
where c^p is a constant and c^/oq ~ ^((^*). Substituting (7) into (1) we get 

a{t) oc t^/^, (8) 



* Stochastic approach to the inflationary Universe driven by the scalar field with such type 
of potential was developed in [4]. 
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ip = ^Pq + \/6Mloga. 



(9) 



Using (9) we find the condition for the decay of the potential: 

^"^^ = TFr\ « 1' ^^^^^ ^^^'^ ^ ^^^'^ (^)- (10) 

Thus if (10) is fulfilled the potential decays more rapidly than the infiaton kinetic 
energy term. 

In an expanding Universe there is particle production. The energy density 
of particles produced by gravitational field for the characteristic time may 
be estimated as £ ~ lQ~^nH^ for the scalar particles non-conformally coupled 
to gravity. Here n is the number of species and it is supposed that the mass 
of produced particles m <^ H. The energy density of the particles produced at 
the infiationary stage is infiated out but the energy density of the above scalar 
particles produced at the defiationary stage (where Ha^ decreases) £ oc ^ and 
falls less rapidly than the main contribution (of the scalar field ) to the energy- 
momentum tensor. Although initially the energy density of the produced particles 
is negligible with respect to the main contribution due to the infiaton it becomes 
dominating after some time. To investigate dynamics of the Universe we are to 
add matter energy density e — cqo"^ to the infiaton energy density in eq.(l): 

While a <S ao = the infiaton contribution dominates and the Universe expands 
according to (8). However at a ~ ao the contribution of radiation becomes of the 
same order and at a 3> cq the Universe is radiation dominated. The value of the 
Hubble parameter H^q at the moment when the contributions of both types of 
matter become equal to each other (at a — qq) gives us a characteristic time of the 
change of epochs. At the infiationary stage radiation energy density decays faster 
than that of infiaton but at the infiaton kinetic energy dominated stage (8) the 
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situation is inverse . This is why we call this stage a deflationary one. Integration 
of eq.(ll) gives us 



— = — Jl + (— )2 - arcsm/i— , (12) 
to ao V ao ao 

where to — 2\/2H~q — 2-\/3M-^. Ai t <^to we have the deflationary stage 

a{t) ~ ao(3^/^o)^/^ (13) 
at i ^ io - radiation dominated stage 

a(t) ~ao(t/to)'/'. (14) 

The length of the deflationary epoch may be estimated as follows. At the 
moment tr when the contributions of matter and the scalar fleld become equal to 
each other we have 2,M'^HI{^)^ ~ 10~^ni7^(^)^, where if* and a* are the values 
of the Hubble parameter and the scale factor at the beginning of the deflationary 
stage and a^. is the value of the scale factor t — tr (at the beginning of the 
radiation dominated stage (14)). Thus we obtain 

Or -1/2-^ 

— ~ 50n ' -fT- (15) 

The created particles are thermalized and we may estimate the temperature 
T(.q just after the achievement of thermal equilibrium as follows. Assuming that the 
created scalar particles are Higgs bosons and interactions between them are mainly 
due to gauge bosons we may estimate the interaction rate as F ~ cP'Teq. Thermal 
equilibrium is achieved when F ~ H{tf,q) . We also have relations ^g^T^^ = 
10~^nHf{-^)'^ and H{teq) = H^{^)^ at the deflationary stage. As a result we 
get 

71 3 

^--"W""- '''' 

Taking as usual ~ 10~^, ~ 10^, n ~ 10 we obtain Tgq ~ 300-^*- 
follows from the constraints on the amplitude of gravitational waves which follow 
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from the small anisotropy of the microwave background < (10^^ ^ 10~^)Mp;. 
Constraints from adiabatic perturbations typically give a lower value of H^,. Thus 
Teg < 3 X (10^^ 10^'^)Gev and is rather low. We find from (15) that at the 
beginning of the radiation dominated stage 

Tr ~ {^)'/^10-^^M ~ 10-2^M. (17) 

Thus in the above estimates Tj. < 0.5(10^ 10^'^)Gev. On the other hand we need 
Tj. » Tj^uc ~ IMev for the successful nucleosynthesis in any case, which means 
> 0.5 X lO^Ge-y and > 2 x IQ^Gev. 

At the radiation dominated stage (14) oc t^"^/^ so the integral J dtip con- 
verges and the change of the value of the scalar field for the whole radiation dom- 
inated epoch is A(/7 ~ M. This means that the potential V{ip) at the end of the 
radiation dominated stage is of the same order of magnitude as that in the begin- 
ning of this stage if we suppose that the potential has only one characteristic scale 
of variation - the (reduced) Planck mass M. Thus the potential does not change 
essentially at the radiation dominated stage contrary to the preceding deflationary 
stage where it was falling rapidly according to (8)-(10). Roughly speaking one 
may say that the potential is frozen at the radiation dominated stage. A similar 
analysis for a nonrelativistic matter dominated stage gives qualitatively the same 
results. This means that the above radiation dominated stage (or maybe already 
nonrelativistic matter stage) is not eternal and at last the Universe will get 

e^V{ip)r.V{ipr), (18) 

where is the value of the scalar field at the beginning of the radiation dominated 
stage, and as follows from (2) 

v?2~y(^) ~£oc i/t^ (19) 

Since we want for the combined stage (19) to begin after the nucleosynthesis time 
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we need for the potential to be steep enough: 



V{(pr) < V{ip^) exp {-Xeff{(pr - f*)), (20) 

where 



-log 



^'ti = (21) 



log- 



*-Lr 



Now we investigate the dynamics of the Universe with scalar field and matter. 
So we should add a matter energy term into eq.(l): 

Matter is supposed to satisfy the equation of state p — ke, where k — 1/3 for 
radiation and /c = for dust. Conservation of the energy-momentum tensor of the 
system "scalar field plus matter" T|.^ = and the equation for the scalar field (2) 

give us £ = CQa^'^^^^^\ One may easily check that the transition sohition from 
the matter dominated stage value tp = ipm to the combined solution (19) is 

ifit) ~ + ct-^ - J±^^V'{ipr)t\ (23) 

where c is a constant, = 1/3 for radiation and = for dust (non- relativistic 

matter). The second term in (23) describes the initially dominated but now falling 
mode (7) and the third term describes the second mode of eq.(2) which is initially 
small but growing. Solution (23) is valid at t <^ tc = \/y{}Prn)l^''^{}P'm) ■ It is 
easy to check that 

£(g~AV((/^^)~AV(^c), (24) 

where 

A = A(^) =M(logy)'. (25) 

So tc is a characteristic time after which the solution (19) is achieved. Prom eq.(24) 
we can make some qualitative conclusions about the behavior of the Universe filled 
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with matter and a scalar field. If A ^ 1 then the scalar field dominates. This 
corresponds to the infiationary situation. On the contrary if A ^ 1 then matter 
dominates. If A ~ 1 then at least naively the contributions of matter and the 
scalar field are comparable. Since we are not able to solve the system of the scalar 
field - metric equations analytically for an arbitrary potential V{(p), to get some 
ideas about the behavior of the system in general case we consider some exactly 
solvable types of the potential that may be not the most interesti applications. 
Let A be constant or a slowly varying function of </? satisfying the condition (5). 
This means that we consider potentials with a (pseudo) exponential asymptotic at 
(/? — > oo behavior (4). Then we find from (19) 

(p ^ <fo + Alogt, A = 2M/A. (26) 

For any equation of state the system of metric and scalar field equations has the 
solution (26)** with 

^ A 2(3p-l)M2 

and 

a{t) oc fP, (28) 

where 

p = 2/3(1 + fc), £= -^L^— (1-3(1 + A;)/A2) (29) 

The solution (26)- (29) exists if A^ > Ag^ — 3{l + k), the ratio of the infiaton energy 
density to the ordinary matter energy density being 

Sj, ^ 3(1 + A:)/A2 

E (1-3(1 + A;)/A2)- ^""^^ 

So we see that if the potential is steep enough inclusion of the scalar field does 
not change the cvohition behavior (28). On the contrary if the potential is fiat 



** Solution (26)-(29) has been obtained in refs. [3,5]. It was considered in the "model of a 
decaying cosmological constant" [5-6] in [5] in the context different from ours. In ref.[3] 
cosmological consequences of a rolling homogeneous scalar field were discussed without any 
relation to inflation. 
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enough (A < Ac), the scalar field dominates , matter is inflated out and we have 
the solution (28) with 

P = 2/A2, (^ = (^'o + (2M/A)log(Mi), socr^VA. (31) 
2) Smooth transition. 

Now we briefly consider dynamics in the case of a smooth transition to the 

deflationary phase. The inflaton potential is given by (4). 

First let us consider for simplicity the case of a constant A. In this case there 
is a power-law solution of the system (l)-(2) 

a{t) (xtP, p = 2/A^ (p = (po + (2M/A) log (Mt), (32) 

li X{(f) ^ 1 and (5) is fulfilled we have an approximate solution (32) where A = 

If A((p) < then p > 1 and (32) describes an infiationary stage. If \/2 < 
X{ip) < 2 then 1 > p > 1/2 and we will call this stage "pseudo-infiation" .*** 

If A > 2 then p < 1/2 and we will call this stage defiation. Solution (32) was 
obtained in [8] ( for a constant A) and considered mainly for an infiationary stage in 
fact[8-10,4]. On the contrary our focus is mainly on the defiationary case p < 1/2. 
A more careful analysis shows that solution (32) is valid only if A < VG which 
corresponds to p > 1/3. If A > \/6 then solution (32) corresponds to negative Vq 
in (4) and is not applicable. In this case we should use an asymptotic at i — > 00 

* * * Crittenden and Steinhardt [7] recently considered inflation with a Brans-Dicke type dilaton 
If and depending upon ip parameter lo. The tunnehng of the inflaton to the true vacuum 
appears at the "pseudo-inflationary" stage thus avoiding large bubbles. In the Einstein 
frame the dilaton part of the CS model is equivalent to the model with the dilaton potential 
(4). In this paper we consider another possibility of the exit from the inflationary stage 
without any tunneling. 
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(critical deflationary) solution (8)-(9) and 

V{(p) cx (33) 
where q — ^{-^ — 1) > 0. In the above solution it is supposed that 1 » V{(p)/(p'^ oc 

One may easily check that the energy density of particles produced in the 
vicinity of the moment of time when a = is dominant. Indeed the energy density 
produced at the moment to p{t) oc H^{to) /a'^{t) and it is easy to see that the 
maximal production is near the moment of time when Ha is maximal. This moment 
corresponds to p = 1, where p is the index of expansion {a{t) oc fP), and X{(fi{t)) — 

thus just to the end of the superluminal expansion. The energy density of the 
produced particles is initially decreasing but at the deflationary stage where Ha^ is 
decreasing (p < 1/2) it becomes more and more dominant. The deflationary stage 
starts when X{ip{t)) — 2. Radiation produced after thermalization of the particles 
created just after the end of the superluminal expansion must become dominant 
in the Universe before its temperature drops below Tjquc- This is a necessary 
condition for the model. 
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